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Tensor Lattice Field Theory (TLFT)

Many tensors in physics: relativistic form factors, space-time curvature, elasticity...
Here, we focus on multi-indices objects that can be used to:

1. Rewrite the partition functions or transfer matrices of lattice gauge theory models
For refs. see: YM, J. Unmuth-Yockey, R. Sakai, Reviews of Modern Physics 94 (2022)

2. Provide compact ways to represent entangled quantum states. Important examples:
Matrix Product States and Matrix Product Operators For refs. see

““““ ““““ I. Cirac et al.
RMP 93 (2021)




TrLFT: From compact to discrete (O(2) example)
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The gauged version is thé Abelian Higgs model.




Compact Abelian Higgs Model (CAHM)
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Gauged version of the 0(2) model the global ¢ shift becomes local
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Local changes in Spaiter are compensated by

which leaves Sgayge invariant.
The matter fields can be decoupled by simply setting 5, = 0 (we are
left with the pure gauge U(1) lattice model)




Fourier expansions and field integrations
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Ax . integration provides the selection rule:
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V> v<p
Note 1: (2) implies (1) (discrete version of 9,0, F** = 9,J* = 0.)
Note 2: Gauge quant. numbers m determine matter ny ,({m})
Note 3: In the unitary gauge, ¢ disappears




Tensor assembly in 2+1 D

Gausss law automatically enforced %"j%%‘,

“Lasagna” transfer matrix




Tensor methods for quantum computing

Quantum computing requires complete discretizations
Known lattice methods are used for space discretization

Discretization of path-integrals by character expansions:
 Are known, "hard integrals” are done (Bessel, Maxwell, ...)
* Provide symmetry compatible truncations

Tensors are local and provide local effective theories
For gauge theories, gauge invariance is manifest
Isolate the building blocks of quantum algorithms
Classical algorithms can be used for state preparation
Tensor network approximations (MPS, PEPS, ..) provide
efficient quantum state tomography
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Interdisciplinary effort (HEP, NP and CM)
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Long term Physics Goals: QCD calculations

Lagrangian methods (numerical coarse graining):

* Validation using existing Monte Carlo results (spectroscopy, form factors)
* Higher accuracy at larger volume (computing time goes like log(V))?

* Finite density calculations for the QCD phase diagram

Hamiltonian methods (smoothly connected to Lagrangian methods)

* Real-time evolution

* Connection with digital and analog quantum computing

» Jet physics: hybrid QuPythia algorithms?

* Out of equilibrium processes

Time scale: 5-10 years with enough practitioners?



Our roadmap: the “Kogut ladder”

REVIEWS OF MODERN PHYSICS, VOLUME 94, APRIL-JUNE 2022

An introduction to lattice gauge theory and spin systems*
John B. Kogut Tensor lattice field theory for renormalization

Department of Physics, University of Hilinois at Urbana.Chempaign, Urbana, Tllinois 61801 and quantum Computlng

This article = an isterdisciplinary review of lattice gauge theory and spin systems. It discusses the
fundamentals, both physics and formalisss, of these related by Spin sy are debs of
magnetism and phase transitions. Lattice gauge theories are cutoff formulations of gauge theories of Department of Physics and Astronomy, The University of lowa, lows Cily, lowa 52242, USA
strongly g particles. S ical mechanics and ficdd theory are closely related subjects, and the

connections betweon them are developed here by wsing the transfer matrix, Phase dsagrams and critical >

points of contineous transitions are stressed as the keys 1o understanding the character and contisuum Ryo Sakai

limits of lattice theorics. Concepts such as duality, kink condensation, and the existence of a local, Department of Physics and Astronomy, The University of lowa, lowa Cily, lowa 52242, USA

relativistic field theory at a eritical point of a lattice theory are illustrated in a thorough discussion of the and Department of Physics, Syracuse University, Syracuse, New York 13244, USA
two-dimensbonal Ising model. Theorbes with exact Jocal (gauge) symmetrics are introduced following ! ! ! .

Wegner's Ising lattice gsuge theory. Its gauge-invariant “loop™ correlation function is discussed in detadl,
Three — dimensional Ising gauge theory is studied thoroughly. The renormalizstion group of the two Judah Unmum.Yockey
dimensional planar model is pr ted as an () of a phase m driven by the condensation
of topological excitations. Parallels are drawn to Abelian lattice gauge theory in four dimenssons. Noa-

Yannick Meurice

Department of Physics, Syracuse Universily, Syracuse, New York 13244, USA

Abelian gauge theories are introduced and the possibility of quark coafi is di d Asymp and Fermi National Accelerator Laboratory, Batavia, IMnois 60510, USA
freedom of O(n) Hesenberg spin sy in two di i is ified for n > and is explained in . 2
sémple terms. The direction of present-day rescarch s briefly reviewed. ® (published 26 May 2022)

The successes and limataticns of statistical sampling for a sequence of models studsed in the context of
CONTENTS ', The planar model in the pertodic Gaussian lattice QCD are discussed and the need for new methods to deal with finite-density and real-time
approximation evolution is emphasized. It is shown that these lattice models can be reformulated using tensomal
1. Introduction—An Overview of this Article . Renormalization group analysis and the theo- methods where the ficld integrations in the path-integral formalism are replaced by discrete sums. These
Phenomenology and Physics of Phase Transitions ry's critical region formulations involve various types of duality and provide exact coarse-graning formulas that can be
A. Facts about critical behavior Noa-Abelian Lattice Theories combined with truncations to obtain practical implementations of the Wilson rencemalization group
B. Correlation length scaling and the droplet A. General formulation of the SU(2) theory
picture B. Special features of the non-Abelian theory
The Transfer Matrix—Field Theory and Statistic- C. Renormalizatioa group amalysis of O(u) spin
al Mochanios aystems in two dimensions quantum simulabion experiments, for instance, using cold atoms, or to be programmed on existing
A. General remarks D. liesull.s from the Migdal recursion relation quantum computers, are denved. Recent progress concemning the tensor field theory treatment of
B. The path integral and transfer matrix of the IX. Parting Commeats noncompact scalar models, supersymmetne models, economical four- dimensional algonthms, noise
simple harmonic oscillator Acknowledgment robust enforcement of Gauss's law, symmetry preserving truncatsons, and topological consxderations are
C. The tranafer matrix for field theories References
The Two-Dimensional Ising Model
A. Tranafer matrix and T-continuum formulation DO 10,1103 ReyModPhys 94 025005
B, Self-duality of the Ising model
C. Strong coupling expansions for the mass gap,
weak coupling expansions for the magnetiza-
tion I. INTRODUCTION-—~AN OVERVIEW OF THIS ARTICLE CONTENTS D. Exact blocking
D. Kink condensation and disorder ) ) ) VI Tensor Renormahization Group
E. Self-duality of the isotropic Ising model This article consists of a series of introductory lec- L Introduction
F. Exact solution of the Ising model in two di- tures on lattice gauge theory and spin systems. It is I1. Lattice Faeld Theory
. mr-ru'ulomt intonded to explain some of the essentials of these sub. A. The Kogut sequence: From lsing to QCD
V. :&E&:l':ﬁmb::::;: .Gl‘(‘z:; :::l';:m“. o jects to students interested in the field and research B. Classical lattice models and path integral
the encrgetios of spontaneous symmetry phymc|§|5 whose expertise lies in other domains. The C. Physical applications
breaking ’ ’ expert in lattice gauge theory will find little new in the D. Computational methods beyond perturbation theory
B. Constructing an Ising model with a local following pages aside from the author's personal per- 1. Quantum Computing

program. Tensor reformulations are naturally disscrete and provade manageable transfer matrices.
Truncaboas with the time contmuum limat are combined, and Hamiltoaians suitable for performung

reviewed. Connections with other tensor network approaches are also discussed

. Block spinnmng through SVD

. Optimized truncations

. Higher-dimensional algonithms

. Observables with tensars

i. Niemepjer-van Lecuwen equation

. A simple example of TRG fixed point

3. Corner double line structure on tensor network

RMP 1979 RMP 2022




Physics 94 (2022)

Coarse Graining: TRG,
HOTRG, ATRG, ...

Do not rely on statistical sampling (classic, deterministic)

Deal well with sign problems
Resource intensive (polynomials with large powers)

Most lattice field theory models can be reformulated using
Tensor Lattice Field Theory

Current numerical implementations in 1+1 and 2+1 dimensions
involve: spin and gauge models with Abelian and non-Abelian
symmetries, scalar theories, staggered and Wilson fermions,
supersymmetric models

Not currently feasible for complex theories in 3+1 dimensions
For refs. see: YM, J. Unmuth-Yockey, R. Sakai, Reviews of Modern



More numerical work at finite ~

\| Phase diagram with symmetry

Applications to studies of
quantum simulators (QuEra) ) e

Interpolation among Z, clock models

with Leon Hostetler, Jin Zhang , Ryo Sakai , Judah Unmuth-Yockey ,
and Alexei Bazavov PRD 104 054505

@ O(2) model with Symm. breaking :
AS =) xcos(qex)

oy ool p=2k=0,1,.|q|

@ Integer q: Z; symmetry

@ Non-integer q: Z, symmetry

@ Phase diagram: see right panel 2 3 4 5 6

Implementation with Rydberg arrays?
A. Keesling, .., M. Lukin et al. Nature 568: 1D array of 8 Rb atoms

evenly separated by a controllable distance, homogeneously couple
to the excited Rydberg state |r) with detuning A.

H=% Yoillgn(nl + |ri{gil) =AY ; mi + Ziq Vijnin;
For Rp/a ~ q integer and A large enough: Z, ordering.
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Software and resources

Tensor libraries with:
* Reshaping the tensor and permuting the order of indices :a::gzsafhk:fsfm
* Element-wise operations ® uia ¥ 103
* Contracting indices
«  Tensor decompositions (SVD or eigen-decomposition)

] TensorKit.jl

MPSKit.jl

Contains code for tac

Distributed memory

Author | maartenvd

Implementations of symmetries

Access to large scale classical computers: NERSC, USQCD, ALCF,. st caner

Development of software ecosystem and workforce



Credits and references

We apologize for the lack of detailed citations in this short talk. The
resulfs presented here are due to discussions with or reading the work of:

M. C. Banuls, Tao Xiang, X.-G. Wen, L. P. Yang, S. Shandrasekharan, S.-W.
Tsai, Jin Zhang, U, Schollwock, L. Kadanoff, N. Schuch, M. Levine, C.
Gah‘rlnger, J. Bloch, M. Hite, Z. Y. Xie, H. Zou, Y. Liu, F. Verstraete, G.
Evenbly, A. Roggero, J. Haegeman, D. Kadoh, Y. Kuramashi, Y. Nakamura, S.
Takeda, Y. Yoshimura, D. Adachi, T. Okubo, S. Todo, N. Butt, R. G. Jha, M.
Asaduzzaman, Y. Shimizu, A. Celi, I. Cirac, M. Dalmonte, L. Fallani, K. Jansen,
G. Vidal, M. Lewenstein, S. Montangero, C.A. Muschik, B. Reznik, E. Rico, L.
Tagliacozzo, K. Van Acoleyen, U.-J. Wiese, R. Brower, D. Berenstein, A.
Bazavov, M. Wlnggfe, E. Zohar, and P. Zoller. We apolo%lze for omissions
e?pelcml)ly regarding early work (e.g., M. Fannes et al., S. White, T. Nishino
et al. ..

For detailed lists of references, see e.g.,
M.C. Banuls et al. Eur. Phys. J. D 74 (2020)
I. Cirac et al. Rev. Mod. Phys. 93 (2021)
YM et al. Rev. Mod. Phys. 94 (2022)



Lattice Gauge Theory at Universities?

Recent retirements of lattice gauge theorists working at Universities
Physics Departments are typically not keen to hire in lattice gauge theory

Senior physicists involved in departmental reviews do not always appreciate the
crucial contributions of lattice gauge theory to the HEP community

Problematic to maintain continuity in some important areas (e. g. flavor physics)

Physics Departments are typically more likely to hire in quantum
information/computation areas

Examples of junior faculty successfully engaged in traditional lattice gauge
theory and quantum computation

Funding for Tensor Lattice Field Theory research and related areas could be an
incentive for departments to hire lattice gauge theorists



Conclusions

Tensor networks for HEP and quantum computing : big goals (QCD) with manageable steps (the
“Kogut ladder”)

Interdisciplinary effort, with large input from condensed matter
Tensor Lattice Field Theory is a generic ftool to discretize path integrals:

-- applies to most most lattice models

-- gauge-invariant approach

-- truncations respect symmetries (but their critical effects are subtle)
-- smooth connection between Lagrangian and Hamiltonian approaches
-- rapidly evolving research area

Coarse graining: friendly competitor/validator to quantum computing
Access to large computing facilities is important
Needs to develops tensor libraries, software and a larger community in US

Funding for Tensor Lattice Field Theory would help maintaining a lattice gauge theory presence at
Universities

Thanks for listening!



